I. INTRODUCTION
Polycrystalline semiconductor materials are promising candidates for producing low-cost, high-efficiency, and large-area solar cells.
1 Recent studies have demonstrated remarkable progress: the efficiency of the polycrystalline thinfilm solar cells based on Cu͑In, Ga͒Se 2 and CdTe is now approaching 20% ͑Ref. 2͒ and 16.5%. 3 Polycrystalline films typically contain grain boundaries ͑GBs͒, which usually produce harmful deep levels. 4 Therefore, passivation is an often required process for fabricating high performance polycrystalline thin film solar cells. For polycrystalline CdTe cells, passivation is performed through postdeposition CdCl 2 heat treatment. 5 Previous calculations have shown that deep levels of the GBs in CdTe can be passivated by Cl and I ͑Ref. 6͒ and can be copassivated by Cl and Cu. 7 For polycrystalline Si solar cells, it is experimentally known that H gives the best passivation effects. 8 ⌺3 ͑112͒ GBs are the most common GBs found in polycrystalline Si films. It is thus necessary to study the ⌺3 ͑211͒ GB physics in Si in more detail, in order to understand the mechanism of H passivation of GBs in Si.
⌺3 ͑211͒ GBs have two atomic structures: rigid-body translation ͑RBT͒ and coincident-site lattice ͑CSL͒.
9,10 The RBT structure undergoes structural reconstruction from the CSL structure by a RBT. Such reconstruction eliminates the dangling bonds and extra bonds so that the GBs with RBT structure exhibit no gap states. On the other hand, the GBs with CSL structure contain extra bonds, which create gap states. The GB energy for the RBT structure is only slightly lower than that for the CSL structure. Experimentally, GBs with both atomic structures have been observed. 11 Because GBs with the RBT structure are electrically inert, the study of GBs with the CSL structure in Si is more needed.
In this paper, we study the structure and effects of vacancy in GBs with the CSL structure in Si. We find that the formation energy for a Si vacancy in the GB is significantly lower than that in the perfect region, indicating that the concentration of Si vacancies in GBs should be much higher than that in grain interiors. Surprisingly, the formation of Si vacancies in the GB dramatically alters the atomic structure and thus the electronic property and passivation behaviors of GBs in Si. It can either clean up the GB deep levels by eliminating the extra bonds or facilitate complete passivation by H atoms. Our results indicate that H still provides excellent passivation on GBs with the CSL structure in Si.
II. METHOD
The first-principle total-energy calculations are based on the density-functional theory, using the Vienna ab initio simulation package. 12 We used the project-augmented ware method with the local density approximation for electron exchange correlation potential. 13 The cutoff energy for the plane-wave basis was 320 eV. The GBs were modeled using 144-host-atom supercell containing two oppositely oriented boundaries. There are 19 layers of atoms between the two boundaries. In all the calculations, all atoms were allowed to relax to reach the minimum energies until the HellmannFeynman forces acting on them became less than 0.02 eV/Å.
III. RESULTS AND DISCUSSIONS
The calculated equilibrium lattice constant for bulk Si is 5.402 Å, which is in excellent agreement with the experimental value of 5.431 Å.
14 In our supercell, the two equivalent GBs are formed by connecting two ͑112͒ surfaces. The GBs contain a dislocation core. Figure 1͑a͒ shows the perspective view of the atomic structure of the GB with CSL structure. The dotted white line indicates the location of the GB plane, ͑112͒. The five-member and seven-member rings form the dislocation core. Si atoms in bulk regions are fourfold coordinated. The Si atoms at position 6 are only threefold coordinated, therefore they have dangling bonds. The Si atoms in position 2 and the Si atom at the mirror-symmetry position, denoted as Si2Ј, are at the same plane position along the perpendicular to the ͓011͔ direction. The Si2-Si2Ј distance is only 2.87 Å, indicating a weak bonding between Si2 and Si2Ј. Thus, Si atoms at position 2 have extra bonds. The extra bonds and dangling bonds at the GBs create deep levels in the bandgap. Figure 1͑b͒ shows the calculated partial density of states ͑PDOS͒ of Si atoms at different positions around the dislocation core at the GB and a Si atom ͑number 7͒ in the middle of the supper cell, which represents the PDOS of Si from bulk crystal. It is seen that Si atoms at positions 2 and 6 produce very strong deep levels in the bandgap. Figure 1͑c͒ shows the partial charge density associated with the states in between the valance band maximum ͑VBM͒ and conduction band minimum ͑CBM͒. The charges are mainly localized around positions 2 and 6, which is consistent with PDOS shown in Fig. 1͑b͒ .
We find that the structure shown in Fig. 1͑a͒ is not the ground state. The structure undergoes reconstruction so that two neighboring Si atoms at position 6 form a Si-Si dimer along the ͓110͔ direction with a bond length of 2.43 Å, about 0.09 Å larger than the Si-Si bond length in bulk Si. In this case, the Si atoms in position 6 become fourfold coordinated without any dangling bonds. There is an expansion in the GB region along the a-axis ͓͑112͔ direction͒. The Si atoms at position 3 remain sp 3 configuration because they bond with Si atoms at their mirror positions. The bond length is 2.35 Å, about 0.01 Å larger than the Si-Si bond length in bulk Si. Figure 2͑a͒ shows the calculated PDOS of Si around the GB dislocation core after reconstruction. It is seen that the Si atoms at position 6 no longer produce deep levels due to the formation of Si-Si dimers. However, Si atoms at position 2 still generate deep levels due to extra bonds. Figure 2͑b͒ shows the partial charge density corresponding to the states in between VBM and CBM. No charge is seen around Si atoms at position 6, consistent with the PDOS results.
Following the method proposed by Northrup et al., 15 we have calculated GB energies for the GB structure with and without reconstruction using the following equation:
where E is the total energy of a supercell containing two GBs, E bulk is the total energy of a reference supercell with bulk structure and with an equivalent number of atoms, n is the number of GBs in the supercell, and S is the area of the periodic unit cell of the GBs in the ͑112͒ plane. In the two total-energy calculations, the cut-off energies were kept the same and the k-point grid was kept equivalent. Our calculated formation energies for the structure with and without reconstruction are 0.226 and 0.241 eV/͑unit-cell area͒, respectively. It is clear that the structure with Si-Si dimers along the ͓110͔ direction is energetically more favorable. The above results indicate that the deep levels associated with the reconstructed GB are originated from the extra bonds rather than dangling bonds. Thus, these deep levels cannot be simply passivated by H atoms. However, we find that Si vacancies have significantly lower formation energy at GB than in Si bulk. The formation of Si vacancies at GB dramatically alters the atomic structure and thus the electronic property and passivation behaviors of GBs in Si.
We calculate the formation-energy difference for a Si vacancy at GB and at a crystal-like ͑CL͒ region using the method proposed by Yan et al.
where E tot ͑GBs͒ is the total energy of a supercell with a Si vacancy at the GB, and E tot ͑CL͒ is the total energy of the same supercell with a Si vacancy placed in the CL region. Table I shows the calculated formation energy differences between a Si vacancy at six different positions at GB, marked by 1, 2, 3, 4, 5, and 6, and in the CL region, marked by 7. It is seen that the formation energies of a Si vacancy at position 1 and position 2 are significantly lower than that in the CL region, 2.23 and 1.09 eV, respectively. This is due to the fact that Si atoms at position 1 and position 2 are affected by the energetically unfavorable extra bonds. The formation of Si vacancies at these positions effectively removes the extra bond and lowers the energy. The segregation of Si vacancy into the GBs can alter the GB energies. We found that the GB energies with Si vacancy at positions marked by 1, 2, 3, 4, 5, and 6 are 0.176, 0.192, 0.213, 0.220, 0.216, and 0.210 eV/͑unit-cell area͒, which are smaller than that of the GB without Si vacancies. Particularly, GB with Si vacancy at position 1 has much lower GB energy than that of the pure GB. It is due to the fact that the formation of Si vacancies at these positions at GB dramatically alters the atomic structure and therefore the electronic property of the GB. Figure 3͑a͒ shows the relaxed structure of the GB with a Si vacancy at position 1. It is seen that due to the formation of Si vacancy at position 1, one Si atom at position 2 becomes to bond with its mirror Si atom, forming a Si-Si bond ͑marked by the white arrow͒ with a bond length of 2.45 Å, about 0.11 Å larger than the Si-Si bond length in bulk Si. However, the Si atom marked by 2 1 at position 2 and its mirror position Si move along the ͓110͔ direction so that two Si atoms at position 2 form a Si-Si bond along the ͓110͔ direction with a bond length of 2.39 Å, about 0.05 Å larger than the Si-Si bond length in bulk Si. Thus, Si atoms at positions 1, 2, and 6 are now all fourfold coordinated. There are no dangling bonds or extra bonds in the GB structure shown in Fig. 3͑a͒ . Figure 3͑b͒ shows the calculated PDOS of Si atoms around the GB dislocation core. Si atoms at positions 1 and 2 no longer present any deep level states. Figure 3͑c͒ shows the partial charge density associated with the states in between CBM and VBM of the supercell. The charge density is seen only at the right side GB, where no Si vacancy is considered. No charge density is seen at the left side GB, where a Si vacancy is considered at position 1. Thus, the formation of a Si vacancy at position 1 completely cleans up the gap states produced by the extra bonds.
We now discuss the structure of GB with a Si vacancy at position 2. In this case, the extra bond between position 1 and position 2 is also removed, so the Si atom at position 1 is perfectly fourfold coordinated. However, this will create two dangling bonds, one belongs to the Si atom at position 3 and the other one belongs to the Si atom at position 8. These dangling bonds will generate deep levels. However, unlike the extra bonds, these dangling bonds can be passivated well by two H atoms. Figure 4͑a͒ shows the perspective view of the GB structure with a Si vacancy at position 2 and with H passivation on Si3 and Si8. It is seen that all Si atoms around the GB are fourfold coordinated. There are no dangling bonds or extra bonds around the GB, and thus no deep levels would be expected. Figure 4͑b͒ shows the calculated PDOS of Si atoms around the GB. As expected, no gap states are observed. Figure 4͑c͒ shows the partial charge density associated with the states in between CBM and VBM of the supercell. The charge density is located only at the right side GB where no Si vacancy is considered. No charge density is seen at the left side GB, where a Si vacancy is considered at position 2 and two dangling bonds are passivated by two H atoms. Clearly, the GB with a Si vacancy at position 2 can be completely passivated by H atoms. Thus, in this case, the formation of Si vacancies at GB facilitates the complete passivation by H.
IV. SUMMARY
In summary, we have studied the structure and effects of vacancies in ⌺3 ͑112͒ GBs with the CSL structure in Si. We found that the formation energy for a Si vacancy in the GB is significantly lower than that in Si perfect regions, indicating strong segregation of Si vacancies in GB regions. The formation of Si vacancies at GB either fully cleans up the deep levels produced by the extra bonds or enables H to completely passivate the deep levels. Our results suggest that vacancies in GBs may play an important role in determining GB physics and passivation behavior. 
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